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Micro RNAs (miRNAs) are ?22 nucleotide single-stranded noncoding RNA molecules 
that bind to target messenger RNAs (mRNAs) and silence their expression. This Essay 
explores the importance of miRNAs in animal development and their possible roles in 
disease and evolution.Worms Point the Way
More than 10 years ago, micro 
RNAs (miRNAs) were discovered 
in larval mutants of the nematode 
Caenorhabditis elegans and were 
found to regulate gene expression. 
Larval worms with mutations in the 
lin-4 gene showed deficits in the 
timing of cell division. This gene 
was found to encode a small RNA 
that bound to and silenced expres-
sion of the lin-14 mRNA (Lee et al., 
1993; Wightman et al., 1993). A sec-
ond small RNA, let-7, was found to 
be highly conserved among worms, 
flies, and humans (Reinhart et al., 
2000; Pasquinelli et al., 2000), sug-
gesting that these new gene regu-
lators may be ubiquitous. By cur-
rent estimates, animal genomes 
contain at least 500 genes encod-
ing miRNAs, as well as thousands 
of genes that are targets of miRNA 
actions (Bartel 2004; Berezikov et 
al., 2005; Bentwich et al., 2005; Lim 
et al., 2005; Lewis et al., 2005).
In animal cells, two enzymes—
Drosha in the nucleus and Dicer in 
the cytoplasm—are important for 
processing longer pri- and pre-
 miRNAs into the ?22 nucleotide 
mature miRNAs. Dicer is essential 
for production of miRNAs, and ani-
mals lacking Dicer cannot synthe-
size miRNAs. A 7 nucleotide seed 
sequence (at position 2–8 from 
the 5′ end) in miRNAs seems to be 
crucial for miRNA action in animal 
cells, and other nucleotide positions 
may contribute small but important 
effects to miRNA action (hence their 
conservation). Binding of a mature 
miRNA to its target mRNA takes place within a protein complex called 
RISC (for RNA-induced silencing 
complex), which always contains at 
least one member of the Argonaute 
protein family. The miRNA binds to 
a complementary sequence in the 
3′ untranslated region (3′UTR) of its 
target mRNA and expression of this 
mRNA is silenced.
How Do miRNAs Work?
The precise mechanism by which 
miRNAs silence their target mRNAs 
remains unclear. In the case of the 
first miRNA discovered, lin-4 in the 
worm, its target mRNA lin-14 remains 
intact and steady-state levels of lin-
14 mRNA do not change (Lee et al., 
1993; Wightman et al., 1993). Pre-
sumably, the lin-4 miRNA silences the 
lin-14 mRNA but does not degrade it. 
Gene silencing by miRNAs, however, 
is often accompanied by a drop in 
target mRNA levels (Lim et al., 2005), 
although the drop is often modest 
and insufficient to fully explain the 
subsequent reduction in protein levels 
(Bagga et al., 2005). A second point 
that awaits clarification is whether 
miRNAs suppress translation dur-
ing the initiation or elongation step. 
A recent study shows that the intro-
duction of an IRES (internal ribos-
ome entry site) into the ribosome can 
overrule suppression of translation 
by miRNAs, suggesting that miRNA 
action occurs during the initiation 
step of translation (Pillai et al., 2005).
Redundancy in miRNA Action
The virtual lack of miRNA mutants 
discovered in forward genetic 
screens in the fruit fly Drosophila Cell 124, or in the worm C. elegans may be 
partly attributable to the small size 
of miRNAs as targets of mutagen-
esis. Micro RNAs seem fairly toler-
ant of a single nucleotide change as 
long as this change does not affect 
the 7 nucleotide seed sequence. 
Furthermore, researchers trying to 
map a mutation to a protein coding 
region of a gene may have chosen 
to ignore mutations in noncoding 
miRNA sequences. However, prob-
ably the most pertinent explanation 
for why miRNAs have been missed in 
mutant screens of the fly and worm 
is that deletion of a single gene 
encoding an miRNA often yields no 
phenotype; to obtain a phenotype, 
multiple miRNA genes may have 
to be deleted (Abbott et al., 2005). 
This has also been observed with 
knockdown of miRNAs in zebrafish 
embryos using morpholinos (R.P., 
unpublished data). Thus, there is 
much redundancy among miRNAs. 
Perhaps the very high level of 
 miRNAs in cells (often more than 
50,000 copies) is best achieved 
by having related miRNA encoding 
genes, with loss of one leading to a 
modest reduction in miRNA expres-
sion that does not result in a visible 
phenotype. This raises the question 
of why there are so many highly con-
served miRNAs if there seems to be 
so little selective pressure.
Many miRNAs Are Tissue Specific
The tissue-specific expression pat-
terns of miRNAs are providing a 
few hints about their possible func-
tions. Many miRNAs exhibit striking 
organ-specific expression, or even March 10, 2006 ©2006 Elsevier Inc. 877
expression restricted to single tissue 
layers within one organ (see Figure 
1). Thus, miRNAs are unlikely to be 
involved in housekeeping processes 
such as cell metabolism but may be 
important in some aspect underpin-
ning the difference between differen-
tiated cells (Wienholds et al., 2005). 
A second hint about the function of 
miRNAs comes from deletion of all 
miRNAs in the zebrafish 
through disruption of the 
Dicer gene (Wienholds et 
al., 2003). Mice lacking 
Dicer die during the earli-
est stages of embryonic 
development (and Dicer is 
required for the formation 
of embryonic stem cells 
so no further studies are 
possible with these mouse 
embryos). In zebrafish, 
however, it is possible 
to cross two fish that 
are heterozygous for the 
Dicer gene and to analyze 
the homozygous progeny 
because such progeny 
develop normally until 
about one week of age 
when growth stops and 
they die. The fish embryos 
that are homozygous for 
loss of the Dicer gene 
have formed most of their 
organs by 72 hr of devel-
opment and are able to 
swim around, eat, and 
behave like normal fish, 
all in the absence of Dicer. 
Analysis of miRNA levels reveals that 
part of the explanation lies in res-
cue by maternal Dicer (the oocyte 
contains maternal Dicer mRNA and 
protein). During the first few days of 
embryonic development, zebrafish 
embryos lacking zygotic Dicer can 
form new miRNAs due to the activity 
of maternal Dicer. From the temporal 
pattern of miRNA expression in these 
zebrafish embryos, it appears that 
miRNAs are produced after many 
cells have already differentiated and 
tissues have been formed (Wien-
holds et al., 2005). The slow increase 
in miRNAs may reflect their accumu-
lation over time. Many miRNA genes 
are embedded in introns of protein-
coding genes and are transcribed 
together with their “host” mRNAs. 
Perhaps due to slower turnover of 
miRNAs, their levels increase over 
time whereas the “host” mRNA lev-
els do not. An elegant set of experi-
ments (Giraldez et al., 2005) clearly 
emphasize that miRNAs are not cru-
cial for early zebrafish development. 
The maternal expression of Dicer 
can be abrogated by transplanting 
germ cells from fish embryos with 
mutant Dicer into wild-type embryos 
of the same age. When the fish grow 
up they are fertile, but their germline 
is homozygous for the Dicer muta-
tion. Given that there is no mater-
nal Dicer, progeny of these fish now 
become arrested much earlier in 
development; but even under these 
circumstances they are still able to 
form several tissues. So, although 
 miRNAs are required for full embry-
onic development of zebrafish and 
their expression patterns certainly 
suggest a role in development, they 
are not required for the initial differ-
entiation of tissues in these animals.
miRNAs as Developmental 
Switches
Recent studies describe how miRNAs 
regulate gene expression during 
development. For example, in one 
study miR-61 was shown to deter-
mine a secondary vulval cell fate in the 
developing worm through a feedback 
loop (Yoo and Greenwald, 2005). Vul-
val cell fate is determined by mutually 
exclusive expression of two 
genes: expression of one 
gene results in a primary 
vulval cell fate, and expres-
sion of a second gene 
results in a secondary vul-
val cell fate. Two meta-sta-
ble states exist because the 
protein encoded by the first 
gene switches on expres-
sion of an miRNA, which 
decreases the expression 
of the second gene. Another 
recent study describes how 
miR-196 acts upstream of 
several Hox genes, which 
are important regulators 
of development (Hornstein 
et al., 2005). A set of 
 miRNAs also regulate the 
Notch signaling cascade, a 
well-established signaling 
pathway important dur-
ing animal development 
(Lai et al., 2005). In all of 
these cases, the action of 
 miRNAs is an integral part 
of a developmental event. 
Thus, miRNA action may 
be under positive evolu-
tionary pressure. Indeed, these and 
other studies exploit the evolution-
ary conservation of miRNA target 
sites among related species, ena-
bling recognition of the miRNA tar-
get sites in the 3′UTRs of genes.
A prerequisite for miRNAs to 
behave as developmental switches 
is that the miRNA and its target 
mRNA are expressed in the same 
tissue, so that the miRNA can exert 
its action and silence the expression 
of its target. Intuitively, if an mRNA is 
a “genuine target” of an miRNA, the 
two should be coexpressed. A naïve 
approach to discover biologically 
relevant miRNA-mRNA target pairs 
therefore would be to screen the 
Figure 1. Expression of miRNAs in the Zebrafish Embryo
miR-206 is expressed in the muscles of the head and body; miR-
34a is expressed in the cerebellum. The staining method is de-
scribed in Wienholds et al., 2005. Photograph courtesy of Wigard 
Kloosterman.878 Cell 124, March 10, 2006 ©2006 Elsevier Inc.
crucial 7 nucleotide seed sequence 
of each miRNA against the 3′UTR 
sequences of all known genes. The 
resulting sets of miRNA-mRNA 
pairs then could be filtered further 
by only accepting the pairs where 
miRNAs and their target mRNAs are 
expressed in the same tissue. But 
two recent studies in flies and mam-
mals show that such an approach 
would be a mistake (Stark et al., 
2005; Farh et al., 2005).
Avoiding Partners
The two studies essentially come to 
the same conclusion. If one takes 
miRNAs known to be expressed in 
a certain type of tissue (say muscle) 
and then examines the expression 
of genes with 3′UTRs that contain a 
potential target site for one of these 
miRNAs (defined as a perfect match 
to the 7 nucleotide seed sequence), 
then the genes with target sites are 
expressed at higher levels in tissues 
that lack these miRNAs than in tissues 
that contain them. So real partners 
(miRNAs plus their mRNA targets) 
are not necessarily coexpressed.
Because miRNAs can reduce 
transcript levels (Lim et al., 2005), 
the relation between cause and 
consequence is not clear—that is, 
are low mRNA levels the result of 
miRNA action, or do genes “avoid” 
being transcribed in tissues where 
their mRNAs may encounter part-
ner miRNAs? Farh and coworkers 
elegantly addressed this point by 
analyzing mouse genes that lack an 
miRNA target site but that have a 
human ortholog with an miRNA tar-
get site. These mouse genes do not 
seem to be expressed in the tissue 
that also expresses the miRNAs. This 
suggests that lack of expression is at 
the transcriptional level and is not a 
result of miRNA action (because the 
mouse version of the gene is not sub-
ject to miRNA action in that tissue).
Both papers also find evidence 
for “anti-targets”—that is, genes 
expressed at high levels in tissues 
where miRNAs are expressed seem 
to avoid having sequences to which 
those miRNAs could bind. Given 
that gene expression is reduced 
by miRNAs, the acquisition of new miRNA target sites by genes (prob-
ably not an infrequent event in evo-
lution as the crucial seed sequence 
is only 7 nucleotides long) is bad 
news and will be selected against if 
it results in an undesired silencing of 
that gene.
Note that the terminology here is 
potentially confusing: to the outside 
observer the data suggest that genes 
that have an miRNA target sequence 
avoid expression in tissues that 
express the miRNA. But in fact the 
effect works the other way around: 
genes that are highly expressed in a 
tissue that expresses an miRNA can-
not afford to contain a target site for 
that miRNA, and therefore there is 
selection against acquisition of such 
sites. Genes that are not expressed in 
a tissue of course do not suffer from 
this selective pressure and may freely 
acquire new target sites for an miRNA 
in that tissue. As a result, statistical 
analysis of all transcript expression 
patterns reveals that genes contain-
ing miRNA target sequences seem to 
avoid being expressed in tissues that 
express those particular miRNAs.
Programmed versus 
 Nonprogrammed miRNA-Target 
Interactions
So how do examples of programmed 
miRNA actions, such as those dur-
ing development, relate to the notion 
of avoidance of coexpression? The 
answer is provided by a distinction 
made in the Farh et al. study. Tar-
get sequences of miRNAs fall into 
two classes: conserved and non-
conserved (defined as target sites 
that either are or are not conserved 
in the 3′UTRs of mouse genes com-
pared with those of other mammalian 
orthologs). The majority of miRNA 
targets are not conserved. Farh 
and colleagues demonstrate that 
the nonconserved sites are found 
preferentially in genes that avoid 
coexpression with their miRNAs. In 
contrast, conserved sites are found 
preferentially in genes that are coex-
pressed with their miRNAs, although 
these conserved targets are typically 
expressed at even higher levels in tis-
sues that do not have the miRNAs.
Conservation of some miRNA Cell 124, Mtarget sites may be because cer-
tain miRNAs act as developmental 
switches. A second type of miRNA 
target site may be in genes whose 
expression is required only during one 
phase of development. After cell-fate 
determination, miRNAs may wipe out 
expression of their target mRNAs that 
are no longer needed in that tissue. 
In a third type of programmed silenc-
ing, the miRNA system may serve to 
reduce but not completely shut off 
expression of target mRNAs. Based 
on the late onset and perseverance 
of expression of many miRNAs and 
the differentiation of tissues in fish 
embryos devoid of all miRNAs, it is 
possible that many miRNAs may not 
be cell-fate switches but rather may 
dampen the expression of undesired 
genes to remind a cell of the fate it 
has selected.
There may be a completely differ-
ent explanation for nonconserved 
miRNA target sites. The 3′UTRs of 
genes are full of sequences to which 
miRNAs can bind. With a 3′UTR of 
one or two thousand base pairs, and 
with hundreds of different miRNAs, 
there will be frequent matches with 
miRNA 7 nucleotide seed sequences. 
During evolution, such new “miRNA” 
target sequences pop up all the time, 
and there is nothing wrong with them 
per se. The problem appears only if 
the target site is in a gene that needs 
to be expressed in a tissue where 
the corresponding miRNA is present 
at high levels, ready to silence any 
mRNA that matches its sequence. 
For these genes, the match to this 
miRNA may be a nuisance, result-
ing in negative fitness and counter 
selection against such a match. This 
may also explain the observation 
in the Stark et al. (2005) study that 
household genes, expressed every-
where, tend to have shorter 3′UTR 
sequences, probably to avoid miRNA 
suppression of gene expression. The 
new miRNA target sequences that 
appear (with no function, and thus 
under no evolutionary pressure to 
remain conserved) may have neutral 
fitness effects as long as the miRNAs 
that could bind to them are not 
expressed in the same tissue. Per-
haps these newly appearing miRNA arch 10, 2006 ©2006 Elsevier Inc. 879
target sequences are to the organ-
ism what EcoRI restriction sites in 
DNA (GAATTC) are to bacteria, that 
is, of no concern as long as EcoRI is 
not present in the bacterium.
Three Classes of miRNA-
mRNA Pairs
The combinations of miRNAs and 
their mRNA targets can be classi-
fied into three groups: programmed 
(positively selected), neutral, and 
anti-targets (negatively selected).
In the first class, the positively 
selected or programmed interactions 
can be genuine cell-fate switches dur-
ing development. For example, in the 
developing worm, miR-61 determines 
a secondary vulval cell fate. Another 
example is provided by mRNAs that 
need to be reduced or eliminated, 
having had their effect on cell-fate 
determination at a previous devel-
opmental stage. Such interactions 
should be conserved as they contrib-
ute positively to the stable establish-
ment or maintenance of cell fate.
The second class of miRNA-
mRNA combination may be neutral. 
There are two possible explanations 
for these neutral pairs. The first one 
is trivial: miRNAs and their targets 
are not expressed in the same tis-
sue. If a gene is expressed uniquely 
in gut epithelium, the presence of a 
target site in that gene for a muscle 
miRNA is irrelevant. These combi-
nations are a nightmare for bioinfor-
maticians trying to discover miRNA 
targets by blasting miRNAs against 
the genome, but the organism does 
not care. The second explanation is 
that miRNAs and their target mRNAs 
do interact in cells, but the effects 
of this interaction are evolutionarily 
neutral. The expression of the corre-
sponding genes may be decreased, 
but the organism does not care. Note 
that these interactions are neutral in 
an evolutionary sense (no selec-
tive effect), but not in a biochemi-
cal sense, because the miRNAs do 
become downregulated (deletion of 
these miRNAs would therefore result 
in an increase in the expression of the 
target genes). This class of neutral 
but active miRNA-mRNA pairs may 
turn out to be very large. Although 880 Cell 124, March 10, 2006 ©2006 Elsthe first class (programmed interac-
tions) may be conserved among spe-
cies, the second class is not.
In the third class of miRNA-target 
interactions, the miRNA is expressed 
in the same tissue as the target mRNA, 
shutting off a gene that needs to be 
expressed. The degree of avoidance 
of this phenomenon suggests that 
there is selective pressure against 
this type of coexpression. Indeed, 
mRNA targets of such miRNAs have 
been referred to as anti-targets. Inev-
itably, there is a steady-state level of 
target sites in anti-target genes, with 
new ones constantly appearing and 
eventually being filtered out by selec-
tive pressure.
miRNA Targets in Disease
Given these distinctions, there are 
a priori four ways that mutation of 
miRNA-mRNA interactions may 
cause disease (as yet not all of them 
have been observed).
(1) An miRNA may acquire a muta-
tion resulting in loss of its function. 
Although there is some degree of 
redundancy among miRNAs, this is 
at a gross level (visible in the labo-
ratory). Loss of even one miRNA 
gene may have subtle disease-
causing effects.
(2) There may be a gain-of-function 
mutation in an miRNA. For example, 
overexpression by amplification of 
the miRNA locus may work like over-
expression of an oncogene, resulting 
in cancer (He et al., 2005).
(3) A programmed target site may 
acquire a mutation and no longer be 
able to bind to the miRNA, releas-
ing the gene from regulation by that 
miRNA.
(4) Finally, a gene may acquire a 
new and undesired miRNA target 
sequence that results in its aber-
rant silencing. There are many 
sequences that are only one muta-
tion away from becoming a target 
for one of the numerous miRNAs 
that may be expressed in the same 
tissue. Some of these mutations 
will result in an undesired reduction 
in gene activity and may cause dis-
ease. Indeed, Abelson et al. (2005) 
recently reported that acquisition 
of an miRNA target site in the gene evier Inc.encoding the axon guidance mol-
ecule SLITRK1 is associated with 
development of the neurological dis-
ease Tourette’s syndrome.
Could miRNA-mRNA Interactions 
Contribute to Speciation?
Given the complex combinatorial 
effects on gene regulation exerted 
by many miRNAs, each of which has 
its own subtle effect, polymorphisms 
in miRNA target sequences may 
be the ideal substrate for generat-
ing small variations in development 
that natural selection could then 
act upon during evolution. Changes 
in the protein-coding sequences of 
genes often either fully disrupt pro-
tein function, which rarely contrib-
utes positively to fitness, or leave 
the protein unaltered or reduce its 
activity. On the other hand, changes 
in miRNA target sequences may 
sculpt gene expression patterns 
with finesse. Fine tuning of gene 
expression through gain or loss of 
miRNA target sequences would be 
expected to contribute to evolution. 
This hypothesis can be tested by 
genome sequence comparisons as 
well as by other experiments. Per-
haps differences in the development 
of homologous organs in the fish and 
human may be explained primarily by 
differences in the miRNA target sites 
in the 3′UTRs of key developmen-
tal genes. The continued scrutiny 
of miRNAs and their target mRNAs 
in animal cells certainly will provide 
fresh insights into the importance of 
miRNAs in development, disease, 
and evolution.
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